During the formation of the 3' ends of mRNA, the cleavage and polyadenylation specificity factor (CPSF) is required for 3' cleavage of the transcript as well as for subsequent polyadenylation. Using peptide sequences from a tryptic digest, we have cloned the 100-kDa subunit of CPSF. This subunit is a novel protein showing no homology to any known polypeptide in databases. Polyclonal antibodies against the C terminus of the protein inhibit the polyadenylation reaction. Polyclonal and monoclonal antibodies were used to characterize the composition of CPSF. Immunoprecipitations of CPSF from HeLa cell extracts and from labeled chromatographic fractions show the coprecipitation of all four subunits of 160, 100, 73, and 30 kDa. Proteins of 160 and 30 kDa that are specifically cross-linked to precursor RNA by UV irradiation were identified as CPSF subunits by immunoprecipitation. Immunofluorescent detection of CPSF in HeLa cells localized it in the nucleoplasm, excluding cytoplasm and nucleolar structures.
Most mRNAs in eukaryotes receive a poly(A) tail posttranscriptionally (reviewed in reference 42). This tail has important although not fully elucidated functions in mRNA stability and translation initiation (reviewed in references 11, 17, 31, and 32). The tail length of about 200 to 250 residues is in some cases critical for translational control (46) . 3' processing occurs in a three-step reaction. First, the primary transcript is cleaved endonucleolytically at the polyadenylation site, and then the upstream cleavage product slowly receives an oligo(A) tail of 10 to 12 nucleotides (34) . In a third phase, the oligo(A) tail is elongated in a fast and processive reaction (2, 40) .
The accuracy of the cleavage reaction depends on two sequence elements in the primary transcript (reviewed in reference 30). The AAUAAA polyadenylation signal is located 10 to 30 nucleotides upstream of the poly(A) site. It is highly conserved among vertebrates and very susceptible to mutations and modifications (1, 45) . A downstream signal is less well defined and is usually referred to as a stretch of U-or G/U-rich residues. In vivo, 3' cleavage and polyadenylation are tightly coupled, but in vitro, the cleavage reaction can be studied separately by blocking the poly(A) polymerase activity with EDTA or chain-terminating nucleotides (26) . Biochemical fractionation revealed that in addition to poly(A) polymerase (7) at least three factors are involved in the cleavage process: cleavage and polyadenylation specificity factor (CPSF [3, 12, 27] ), cleavage factors I and 11 (6, 38) , and cleavage stimulation factor (CStF [37] ). The oligoadenylation requires only CPSF and poly(A) polymerase, whereas the processive tail elongation additionally needs poly(A)-binding protein II (PABII) (2, 40) . It is clear that CPSF has a central role in polyadenylation not only because it binds directly to the polyadenylation signal but also because it is involved in all three reaction steps.
Direct interactions with the RNA substrate were shown for CStF and CPSF. The 64-kDa subunit of CStF can be crosslinked by UV light to RNA substrates containing the AAUAAA sequence in a CPSF-dependent way (47, 48) . The RNA binding of bacterially expressed 64-kDa subunit, however, no longer shows this specificity (36) .
Purified CPSF consists of four polypeptides with molecular masses of 160, 100, 73, and 30 kDa (3) . A more recent report (27) did not confirm the presence of the 30-kDa subunit in pure CPSF preparations. It was suggested that this subunit might be more loosely associated with the complex (24) . Modification interference experiments have shown that CPSF is in direct contact with the polyadenylation signal (18) . It was also shown that HeLa nuclear extracts and partially purified CPSF fractions contained proteins of 160 and 30 kDa which could be UV cross-linked to RNA when a functional polyadenylation signal was present (12, 18, 25) . The identity of these proteins was controversial, since other studies could not detect UV-cross-linkable proteins with these molecular masses (27, 47) .
In this study, we report cloning of the 100-kDa subunit of CPSF. Its predicted amino acid sequence is unrelated to any known protein sequence. Immunoprecipitation experiments with subunit-specific polyclonal and monoclonal antibodies suggest that all four proteins described above are subunits of CPSF and that the two UV-cross-linkable proteins are the 160-and 30-kDa subunits of CPSF. Furthermore, immunohistochemical staining of HeLa cells shows a nuclear staining pattern excluding nucleoli and cytoplasm.
MATERIALS AND METHODS
Trypsin and phenylmethylsulfonyl fluoride were from Boehringer Mannheim, mercaptopropionic acid was from Fluka, and Hybond N+ membranes and radiochemicals were from Amersham, except [35S]methionine, which was from ICN. Pfi DNA polymerase and the bovine liver cDNA library were from Stratagene, protein A-Sepharose was from Pharmacia, horseradish peroxidase-conjugated goat anti-mouse antibodies were from Cappel, and chloronaphthol and chloramine T were from Merck. Bovine poly(A) polymerase (41) was a gift from Elmar Wahle. Affinity-purified anti-PAB II antiserum was a gift from Sabine Krause (20 (33) . Al was used to screen a calf thymus plasmid cDNA library as described previously (33) . Five Briefly, 10 pR1 of HeLa nuclear extract (9) was incubated under standard polyadenylation conditions without ATP but with phosphatase inhibitor (5 mM P-glycerophosphate) with 100 fmol of 5'-labeled (33) RNA oligonucleotide (18) for 10 min at 30TC. The reaction mixtures were transferred onto a glass plate on ice and exposed to UV light (254 nm, 2,000 p.W/cm2) for 10 min. CPSF was immunoprecipitated as described above. The proteins were separated on an SDS-9% polyacrylamide gel. The gel was fixed in 7.5% acetic acid-20% isopropanol, dried, and exposed to a Kodak X-OMAT AR film.
Immunofluorescence staining of HeLa cells. Immunolabeling was performed as described previously (5), and the cells were examined in a fluorescence microscope (Polyvar, ReichertJung). The photographs were taken on Kodak Elite 400 film.
Nucleotide sequence accession number. The nucleotide sequence has been deposited in the EMBL database under accession number X75931.
RESULTS
Isolation of a cDNA clone encoding the 100-kDa subunit of CPSF. We have used purified CPSF (3) for microsequencing tryptic peptides of the 100-kDa subunit of CPSF. A total of 15 jig of the 100-kDa subunit was digested with trypsin, and the digest was separated by reverse-phase high-pressure liquid chromatography. The amino acid sequences of 11 peptides were determined. Peptide T23-2 (underlined twice in Fig. 2 ) was used to design a twofold degenerated screening oligonucleotide of 50 nucleotides in length, containing three inosines (22 as a probe revealed strong bands of 4.0 and 2.7 kb and two weak high-molecular-mass species of 6.6 and 8.5 kb (Fig. 1,  lane 1) . The same probe detected messages in HeLa poly(A)+ RNA that had lengths of 5.6, 4.6, 3.8, and 3.0 kb (lane 2). None of these bands comigrated with a bovine message. A different probe consisting of bovine 3'-noncoding sequences revealed only the bovine 4.0-kb, but no HeLa, message (lanes 3 and 4) . This suggests that the coding region, but not the gene organization, is conserved.
Clone Al was also used as a probe to screen a calf thymus poly(A)+ cDNA library. The largest clone obtained in this screen was 3.5 kb in length. In vitro translation of this cDNA clone in reticulocyte lysate resulted in a protein comigrating with the 100-kDa subunit of purified CPSF. The clone encoded an open reading frame of 782 amino acids but contained no polyadenylation site. The calculated molecular mass of the encoded protein was 88.5 kDa. All 11 peptide sequences could be identified (Fig. 2) . The region of the translation initiation codon (AAA AAA AUG A) shows only moderate compatibility with the consensus sequence GCC ACC AUG G suggested by Kozak (19) . The most critical base, the A at position -3, is present. Upstream of the AUG codon, each of the three reading frames has at least one stop codon. No homologous sequences or known sequence motifs were found by searching the most common databases. In particular, the sequence contains no RNA binding motifs or sequences resembling a nuclear localization signal, although the 100-kDa subunit appears to be a nuclear protein (see below). The protein is highly charged: it contains 31% charged amino acids with an even distribution. Particularly striking is that it contains 40% more acidic residues than an average protein (22) DNA polymerase and cloned into a His-tag expression vector. The resulting protein fragment of 32 kDa, corresponding to the C-terminal third of the 100-kDa subunit of CPSF, was expressed in E. coli, purified, and used to generate rabbit polyclonal antibodies. The serum specifically recognized the 100-kDa subunit in enriched and pure bovine CPSF preparations as well as in HeLa nuclear extracts as assessed by immunoblotting (not shown). The antibodies were used to confirm the identity of the cDNA clone by functional assays. To deplete a crude fraction of CPSF activity, preimmune serum and serum against the expressed polypeptide were bound to protein A-Sepharose and incubated with 50 ,ul of partially purified CPSF (Blue Sepharose pool [3] ). The supernatant was tested for specific polyadenylation activity after complementation with purified poly(A) polymerase (Fig. 3A) . The sample treated with the serum against the 100-kDa subunit was completely devoid of any CPSF activity (lanes 6 and 7), whereas the sample depleted with preimmune serum still showed CPSF activity comparable to that of the untreated fraction (lanes 4 and 5 and 2 and 3, respectively). This effect was due to the depletion of CPSF since the depleted activity could be restored by addition of purified CPSF [poly(A)-Sepharose pool, lanes 8 and 9]. In a second experiment, pure CPSF was preincubated with increasing concentrations of protein A-Sepharose-purified immunoglobulins from preimmune serum and anti-100-kDa subunit serum and then used in standard polyadenylation assays. The reactions were started by the addition of labeled precursor RNA and poly(A) polymerase. Lanes 6 to 8 in Fig. 3B show an antibody concentration-dependent inhibition of the polyadenylation reaction, whereas the preimmune serum did not influence the reaction (lanes 3 to 5) ing, the cells were lysed with Triton X-100, and CPSF was immunoprecipitated with polyclonal and monoclonal antibodies. Lane 2 in Fig. 4A shows the labeled proteins precipitated from the lysate with affinity-purified serum raised against the C-terminal portion of the 100-kDa subunit of CPSF. Clearly, proteins of 160, 100, and 73 kDa were coprecipitated. In addition, on the original autoradiograph a weakly labeled protein which migrated at the position of the 30-kDa molecular mass marker was also visible. Figure 3B shows an overex- posure of the region of the 30-kDa marker of the same gel. The 30-kDa subunit in pure CPSF preparations shows the same migration behavior (see also Fig. 5 ). As seen in lane 3, the monoclonal antibody J1/27, recognizing the 100-kDa subunit, precipitated proteins with the same molecular masses. A control monoclonal antibody against human NaK ATPase a-subunit (14a) did not precipitate proteins corresponding to CPSF (lane 4). In addition, on overexposed films bands of 68 and 35 kDa were seen. The 35-kDa protein could be the U1 small nuclear ribonucleoprotein particle-specific UlA protein (see Discussion). The protein pattern did not change when more stringent washing conditions of up to 600 mM KCl were used. The major contaminants of CPSF preparations of 63 and 140 kDa reported by Bienroth et al. (3) 30-kDa subunit of CPSF and whether the minor band seen at 35 kDa was also associated with CPSF. We therefore further purified CPSF [poly(A)-Sepharose pool (3)] over a Superose 6 gel filtration column and iodinated the proteins of the peak fraction with chloramine T. Immunoprecipitation of CPSF from the labeled fraction with either affinity-purified antiserum or the monoclonal antibody J1/27 coprecipitated all four subunits of CPSF including the 30-kDa protein (Fig. 5, lanes 6  and 7) . No proteins were precipitated when protein A-Sepharose alone, preimmune serum, or a monoclonal antibody against splicing factor SF3a66 (4) was used (lanes 3 to 5). The precipitation was specific, since not all proteins present in the fraction were precipitated (lane 1). The same pattern was observed after labeling and precipitation of two independent CPSF preparations. The 30-kDa protein therefore behaves like a genuine subunit of CPSF.
The the protein of 64 kDa, which was shown to be a subunit of the cleavage stimulation factor CStF (37), the identity of the other cross-linked proteins has not been proven, although it was suggested that the 160-and 35-kDa cross-links belonged to CPSF (12, 18, 25) . The 130-kDa band also cofractionated with CPSF activity (12). We cross-linked labeled RNA oligonucleotides of 18 nucleotides in length, containing either a wild-type or a mutant polyadenylation signal, to proteins of HeLa nuclear extracts and immunoprecipitated CPSF with the monoclonal antibody J1/27. Lane 2 in Fig. 6 shows that the 160-and 30-kDa subunits of CPSF had been labeled by crosslinking to the wild-type RNA oligonucleotide. The change of the migration behavior of the 30-kDa subunit observed here was also described by Keller et al. (18) and was attributed to the increase in molecular weight after binding of the RNA (5 kDa). Lane 1 shows that the cross-link depended on a functional polyadenylation signal. The same cross-linked proteins were immunoprecipitated by the serum raised against the 100-kDa subunit or the monoclonal antibody J1/6 directed against the 160-kDa subunit of CPSF. Addition excess of unlabeled competitor RNA oligonucleotide to the nuclear extract before the exposure to UV light prevented the immunoprecipitation of labeled CPSF-RNA cross-links. After the exposure to UV light, the cold RNA oligonucleotide could no longer compete for CPSF binding and therefore did not prevent the immunoprecipitation of the two UV-cross-linked proteins (not shown). Although we are confident that the 160-kDa band is due to RNA-protein cross-linking of the largest subunit of CPSF, the assignment of the 35-kDa UV cross-link to the 30-kDa subunit of CPSF is less certain. We cannot exclude the possibility that this cross-link is due to UlA protein associated with CPSF (see Discussion).
Nuclear localization of CPSF. The cellular distribution of CPSF was examined by indirect immunofluorescence microscopy. HeLa cells were stained with the monoclonal antibody J1/6 recognizing the 160-kDa subunit of CPSF and, simultaneously, with affinity-purified polyclonal antibodies against PAB II (20) . CPSF was restricted to the nucleoplasm and not present in the nucleoli (Fig. 7A ). It showed a uniformly distributed, fine, granular staining pattern. In contrast to PAB II (Fig. 7B) , it was not concentrated in nuclear speckles, which were reported to contain factors involved in pre-mRNA splicing (5, 10). The pattern did not change when the cells were stained with the monoclonal antibody J1/27 detecting the 100-kDa subunit of CPSF (not shown). The staining pattern is reminiscent of the pattern described for the 64-kDa subunit of CStF (37) . CPSF and CStF are both involved in the first step of polyadenylation and therefore are expected to show an overlapping localization.
DISCUSSION
We have isolated a cDNA clone coding for the bovine 100-kDa subunit of the cleavage and polyadenylation specificity factor CPSF. All 11 tryptic peptides sequenced were found in the open reading frame of 782 amino acids. The predicted molecular mass of 88.5 kDa is too small compared with the migration behavior seen on SDS-polyacrylamide gels. How-ever, the 100-kDa subunit expressed in E. coli or made in an in vitro translation system comigrated with the 100-kDa subunit of purified CPSF. We showed that an antiserum raised against the C terminus of the subunit could deplete a partially purified CPSF fraction of CPSF activity. The antiserum also inhibited the specific polyadenylation of precleaved RNA substrates.
Polyclonal antibodies against the C-terminal third of the 100-kDa subunit of CPSF recognized this subunit in CPSF purified from calf thymus on Western blots (immunoblots). The antiserum against the bovine polypeptide cross-reacts with CPSF in HeLa nuclear extract and in Xenopus laevis (3a) . This antiserum inhibits the specific polyadenylation in vitro (Fig.  3B ) but has no effect on the cleavage reaction (not shown). Complex formation between CPSF and RNA or CPSF, poly(A) polymerase, and RNA is not inhibited. Rather, on native gels the polyadenylation complexes are further retarded by the antiserum (24a). The monoclonal antibody J1/27 recognizing the same subunit of CPSF inhibits the cleavage reaction but not polyadenylation (la) . The determination of the epitope recognized by the antibody might lead to the identification of an important site involved specifically in the cleavage but not the polyadenylation reaction.
CPSF has been described as a factor consisting of four (160, 100, 73, and 30 kDa [3] ) or three (165, 105, and 70 kDa [27] ) subunits. It was suggested that the additional 30-kDa subunit was only loosely associated with CPSF (24) and might be dispensable for the activity in vitro (43) . Immunoprecipitation of metabolically labeled CPSF from whole-cell extracts clearly showed the coprecipitation of the 160-, 100-, and 73-kDa subunits and probably also the 30-kDa subunit. The pattern of immunoprecipitated proteins was identical with polyclonal or monoclonal antibodies against the 100-kDa subunit or a monoclonal antibody against the 160-kDa subunit. Further purification of CPSF over a Superose 6 gel filtration column showed the copurification of the 30-kDa subunit of CPSF together with the three large subunits as judged by Coomassie blue-stained protein gels (not shown). Immunoprecipitation of CPSF from the "I-labeled peak fraction of the Superose 6 column precipitated the 30-kDa protein together with the 160-, 100-, and 73-kDa subunits. This shows that the four polypeptides form a tight complex. No additional proteins are coprecipitated. We cannot exclude the possibility that the 30-kDa subunit is a degradation product of the 160-kDa subunit. However, neither the immunoprecipitation of 35S-labeled CPSF nor that of iodinated CPSF revealed a 130-kDa component or any other degradation products which could be the counterparts of the 30-kDa polypeptide.
Moore et al. (25) and Gilmartin and Nevins (12) have reported that a protein of 160 kDa can be cross-linked to RNA containing a functional polyadenylation signal. Other investigators have not detected this UV cross-link (37, 47). Keller et al. (18) have detected the same UV cross-link and an additional one at 35 kDa, both of which depended on a functional polyadenylation site and copurified with CPSF. These crosslinks were immunoprecipitated with antibodies directed against the 100-or the 160-kDa subunits of CPSF. The cross-link at 130 kDa in crude CPSF (at that time called PF2) fractions described by Gilmartin and Nevins (12) was not coprecipitated.
The Ul small nuclear ribonucleoprotein particle has been suggested to participate in different aspects of the 3'-processing reaction (23, 44) . Its protein subunit UlA regulates its own polyadenylation (13 
